ABSTRACT Parasitoids have developed a variety of searching strategies to maximize their searching efÞciency. To increase the efÞciency, leafminer parasitoids Þrst search for host mines, which are linear and visually conspicuous, and then search for host larvae situated at the end of the mines by tracking the mines. We hypothesized that the leafminer parasitoids have the ability of directional orientation toward larvae as opposed to orienting randomly and tested this hypothesis by using the leafminer Liriomyza trifolii (Burgess) (Diptera; Agromyzidae) and its parasitoid Hemiptarsenus varicornis (Girault) (Hymenoptera: Eulophidae). Direct observations of parasitoid behavior revealed that female parasitoids mostly selected the correct direction immediately after mine encounter. However, they did not select correctly when the host had been parasitized, or when the point of the mine encounter was far from the host larva, suggesting the possibility of sound-based search. Curiously, the success of encounter rates was not inßuenced by the directions that the female had selected. This was because the female turned to the correct direction during her search even after selecting the wrong direction. Thus, female H. varicornis can recognize which end of the mine the target larva lays upon mine encounter or during the foraging bout. The importance of the ability of recognizing the correct direction by the parasitoid and the possible mechanism involved in this ability is discussed.
INSECT HERBIVORES SUFFER MORTALITY caused by a number of natural enemies, including parasitoids, predators, and pathogens (Hawkins et al. 1997) . Thus, insect herbivores defend themselves against natural enemies in various ways (Matthews and Matthews 1978 , Evans and Schmidt 1990 , Gross 1993 . To overcome antipredator or antiparasitoid defenses by insect herbivores, many parasitoids and predators have developed corresponding counterdefenses (Endler 1993 , Godfray 1994 . Recently, interactions between leafmining insects and their parasitoids have been studied from the viewpoint of host defense versus parasitoid foraging (Kato 1984 (Kato , 1985 Brandl and Vidal 1987; Bacher et al. 1997; Meyhofer et al. 1997; Djimai et al. 2000) . These studies have shown that leafminerÐparasitoid systems are suitable for research in the Þeld of such hostÐparasitoid interactions.
Several groups of Lepidoptera, Coleoptera, and Diptera are leafminers during the larval stage (Connor and Taverner 1997) . Leafminers burrow into the host plant leaf where the very slow-moving larvae feed upon leaf tissues. The larvae are covered with the leaf surface that serves as a physical protection against many predators and pathogens Taverner 1997, Hawkins et al. 1997) . However, the habit of mining into a leaf makes leafminers a good target for hymenopteran parasitoids (Hawkins and Lawton 1987, Hawkins 1988 , Conner and Cargain 1994, Hawkins et al. 1997) . In fact, the major source of mortality of leafminers is parasitism by hymenopteran parasitoids, particularly of the families Eulophidae, Braconidae, and Pteromalidae (Kato 1994 , Hawkins et al. 1997 , Arakaki and Kinjo 1998 , Rauf et al. 2000 , Rott and Godfray 2000 .
Possible explanations for why parasitoids are successful in hunting leafminers are that 1) the leafmining habit makes movement of the larvae restricted, making the larvae an easy target for parasitoids; and 2) the mines are visibly conspicuous from the background, i.e., leaves, and hence, parasitoids can easily detect the presence of the targets in a leaf during searching ßight. In addition, parasitoids may use speciÞc foraging strategies that allow them to hunt hiding hosts efÞciently after landing on the leaf.
Leafminer parasitoids Þrst search plants with host leafminers during ßight. During a search ßight, they may visually Þnd the leaves containing hosts from a distance because the mines are conspicuous against their background of leaves (Casas 1989 ), or they may locate mined leaves by using volatile chemicals emitted from host plants infested by the hosts (Dicke and Minkenberg 1991, Petitt et al. 1992) . After landing on a leaf, leafminer parasitoids search along with a mine to Þnd a host larva (Sugimoto 1977 , Kato 1989 ). This searching tactic seems to be advantageous for leafminer parasitoids because Þnding a mine is much eas-ier than directly Þnding a tiny host larva hiding inside leaf tissues and because host larvae are present at the end of the mines (Fig. 1a) .
The problem a female parasitoid will face upon Þnding a mine is which direction she should select to search. Selecting the wrong direction results in an unsuccessful search unless she changes the direction during the search. Furthermore, female parasitoids waste time and energy if they choose the wrong direction. Thus, an ability to recognize the direction of a host on the mine is essential to increase the possibility of host Þnding. Despite the potential importance of this ability for leafminer parasitoids, it has not been examined so far.
Our hypothesis is that female parasitoids attacking leafminers may have the ability to recognize the correct direction that leads to the host larva in a mine. In our study, we used the parasitoid Hemiptarsenus varicornis (Hymenoptera: Eulophidae) and its host Liriomyza trifolii (Diptera: Agromyzidae). H. variconis is an idiobiont that paralyzes the host with venom. We test our hypothesis by examining 1) whether a female parasitoid can recognize the correct direction upon encountering a mine, and 2) whether a female parasitoid can change her course if she has been going in the wrong direction during a search on a mine.
Materials and Methods
Test Host and Parasitoid. L. trifolii is an important pest leafminer of a variety of crops and garden plants such as tomato, cucumber, and chrysanthemum in Europe and east Asia. The female deposits eggs in host plant tissues, and larvae tunnel within, and feed on, host plant tissues (Parrella et al. 1985) . The larval feeding rate increases as the larvae grow, and hence, the width of the mines increases (Fagoonee and Toory 1984) . It is therefore possible to determine which part of mine has been made by which larval instars on the basis of the width of the mine (Fig. 1a) . Developing larvae are mostly situated at the end of the mines (Fig.  1a) . Mature larvae emerge from the mines and pupate in the soil.
L. trifolii in our laboratory originated from Fukuoka, Japan (Ohno et al. 1999) and were reared at 25 Ϯ 1ЊC under constant light on kidney bean plants. Kidney bean plants aged 7Ð 8 d (two-leaf stage) were placed in the rearing cages with newly emerged female and male L. trifolii for oviposition. Plants were removed from the cage within 2Ð3 h, so that density of leafmining larvae was one to two per leaf.
The parasitoid H. varicornis is an important native parasitoid of L. trifolii in Japan (Saito et al. 1997, Arakaki and Kinjo 1998) . It is a solitary idiobiont ectoparasitoid (Saito et al. 1997) . Female H. varicornis Þrst search host plant by ßight and land on a mined leaf. They then search for host mines randomly on the leaf. Once females encounter a mine, they start to track the mine with their antennae by drumming along the mine. If a host is not encountered, females leave the mine (not the leaf) once and start to track the same mine again from a different point of the mine, searching the mine repeatedly until detecting a host larva. Females occasionally search mines they have previously attacked. Female H. varicornis attack Þrst, second, and third (last) host instars, by using them for oviposition or host-feeding purposes (Saito et al. 1997) .
The H. varicornis used in our study were derived from the culture reared in Shizuoka Agricultural Experiment Station, Japan (Saito et al. 1996) . They were reared on L. trifolii at 25 Ϯ 1ЊC under constant light as described by Saito et al. (1997) . Newly emerged females were collected from plastic rearing boxes and used in the following experiments.
Behavioral Observations. Direct observations of female parasitoids searching on a leaf were made under laboratory conditions (25 Ϯ 1ЊC) to test whether they can recognize the direction of a mine leading to host larva (Fig. 1a) . A kidney bean leaf with one or two leafminers (third instars) was placed in a large glass SchaleÕs petri dish (15 cm in diameter, 3 cm in height). The mine starts where a host egg was laid, and the leafminer larva is situated at the end of the mine. A leafminer larva makes a mine, which is white, linear, and tortuous. A mine becomes as wide as a leafminer larva develops. A female of leafminer parasitoids Þrst Þnds a mine and then searches along it. (b) Three locations of encounter on a mine. It is possible to determine when a point of the mine was made, by checking the width of the point. It is possible to estimate a distance between a parasitoid encountering the mine and a host larva situated at the end of mine (see text for details). A test female parasitoid was then put into the petri dish. When the parasitoid had landed on a leaf, observations were started. The observations were terminated when the parasitoid left the leaf in the petri dish. In our experiment, female parasitoids aged 3Ð 4 d, with an experience of attacking hosts 2 d previously, were used. A total of 24 female parasitoids were used in this experiment.
We observed 1) the direction that a test female parasitoid walked upon an encounter of a mine, 2) the point of encounter on a mine, 3) whether a female parasitoid searching on a mine continued to search in the same direction or changed direction, and 4) whether a female parasitoid successfully encountered the host larva.
We recognized three locations of encounter on mines based on their width: locations of encounters of the Þrst host instar, second instar, and third instar. Accordingly, we estimated the distance along the mine from encountering points to hosts (Fig. 1b) .
Each female parasitoid searched each mine repeatedly, from one to 12 times. During each search, we observed behaviors 1Ð 4 above and how many times females searched for one mine. We did not make observations of parasitoid behavior such as drumming with antennae and probing. We pooled the data from all observations and grouped them depending whether mines contained healthy of previously attacked hosts.
Some mines had cross and blotch-like sections where mines turned tortuously and the outlines of mines were unclear. When female parasitoids encountered these blotch-like crossing sections and started tracing from these points, they moved within blotchlike crosses and showed no directional movement. Therefore, the cases in which females encountered blotch-like cross were excluded from the analyses because the initial direction upon mine encounter was indeterminable.
The direction that female parasitoids had selected was analyzed with a binomial test, and foraging success (i.e., host encounter rate) was analyzed with a chi-square test (JMP, SAS Institute 1998).
Results

Directions Chosen by Parasitoids Immediately after Mine Encounter.
A total of 122 behavioral observations were made because most of the 24 female parasitoids searched mines repeatedly. Because of this repetitive searching, it may be possible that females learned the direction of host larvae through experience of searching mine. In our experiments, leaves containing one or two host larvae were used. Therefore, it may be also possible that there was any effect of host density per leaf on the behavioral response of female H. varicornis.
Consequently, we Þrst examined whether experience or host density affected the female response. For this purpose, a multiple logistic regression analysis was used. The results showed that there was no effect of host density or experience on response (Table 1; whole model: n ϭ 56, df ϭ 2, 2 ϭ 0.84, P ϭ 0.66). Therefore, the data were pooled with respect to experience and host density per leaf for the following analyses.
In 69.8% of observations, H. varicornis selected the correct direction when it had encountered the mines containing healthy host larvae, and this value was signiÞcantly different from a 1:1 ratio (Table 2 ; binomial test: n ϭ 53, df ϭ 1, 2 ϭ 8.55, P ϭ 0.0034). In contrast, the percentage of females tracing the mine toward correct direction was 52.2% when encountering the mine with attacked host larvae. Thus, no signiÞcant trend to select the correct direction was detected (n ϭ 69, df ϭ 1, 2 ϭ 0.13, P ϭ 0.72). H. varicornis selected the correct direction signiÞcantly more often for healthy than for parasitized hosts (chisquare test: n ϭ 122, df ϭ 1, 2 ϭ 3.93, P ϭ 0.047). Point of Encounter on a Mine. Next, the data were analyzed to test whether the point of mines encountered could affect the directional selection by H. varicornis after an exclusion of the cases in which host larvae in the mines had been attacked previously. The analyses showed that female H. varicornis selected the correct direction with a 73.1% accuracy when it had encountered host mines made during the third instars (Table 2 ; binomial test: n ϭ 26, df ϭ 1, 2 ϭ 5.75, P ϭ 0.017).
However, when female parasitoids had encountered host mines made during the Þrst or second instars, no signiÞcant trends to select the correct direction were detected (Table 2 ; n ϭ 21, df ϭ 1, 2 ϭ 81.20, P ϭ 0.27 for mines made during second instar; n ϭ 5, a Points of the mine where female parasitoids encountered are classiÞed according to the stage of larvae that made the mine. See Fig.  1b and text for details. df ϭ 1, 2 ϭ 2.91, P ϭ 0.09 for mines made during Þrst instar).
Changes in Directions during a Search on the Mine. We analyzed whether H. varicornis females changed their direction of search depending on whether they had initially chosen the correct or wrong direction. Females (62.5%) that initially searched the wrong direction (n ϭ 16) changed their searching direction, whereas 33.3% of females that initially searched the correct direction (n ϭ 36) changed their direction. Females that initially oriented incorrectly were more likely to change their direction of search than females that initially oriented correctly (chi-square test; n ϭ 52, df ϭ 1, 2 ϭ 3.85, P ϭ 0.04). Success of Host Encounter. Successful encounter rates of host larvae were analyzed in terms of the directions female H. varicornis selected upon mine encounter and also of whether it turned in an opposite direction during a search on the mine. Curiously, successful host encounter rates did not differ between the initial direction search (Table 3 ; chi-square test; n ϭ 52, df ϭ 1, 2 ϭ 0.24, P ϭ 0.62). This was because even when female parasitoids had once selected the wrong direction, they could return to the correct direction (see below).
Host encounter rates were signiÞcantly higher for the case in which females that had changed the direction toward the correct direction than for the case in which females that had held the wrong direction since mine encounter (Table 3 ; chi-square test; n ϭ 22, df ϭ 1, 2 ϭ 6.04, P ϭ 0.014). Keeping the wrong direction results in 0% host encounter (Table 3) .
Host conditions signiÞcantly affected host encounter rates. When hosts were healthy, 36.4% of 44 encounters were successful, and 19.2% of 73 encounters were successful when hosts were already paralyzed (chi-square test; n ϭ 117, df ϭ 1, 2 ϭ 4.16, P ϭ 0.043).
Discussion
Our study suggests that the leafminer parasitoid H. varicornis uses directed searching after encountering a mine. Females seem to have two tendencies to increase their opportunities of encountering a leafminer while tracking the mines. One is that they choose the correct direction immediately after encountering a mine on the leaf (Table 2 ). The other is that they turn in an opposite direction after initially taking the wrong direction, suggesting that female H. varicornis during a search on a mine can sense the host position in the mine (Table 3) . This is the Þrst demonstration of that female leafminer parasitoids have the ability to recognize the direction of host larvae. The initial direction taken by the parasitoid does not affect its chance of successful host encounter because the parasitoid is capable of switching directions. Turning on the mines seems to be the compensative behavior for the mistake in the selection upon mine encounter. In Table 3 , H. varicornis that had selected the wrong direction and turned the correct direction attained higher encounter rates (60.0%) than females that initially selected the correct direction (30.6%) ( Table 3 ). This result is unexpected and the mechanism is unanswered in this study.
In this article, the question of what cues female H. varicornis used for recognition of the direction of leafminer larvae remains unsettled. In general, use of the sound or vibration has been suggested for a number of leafminer parasitoids locating plants with suitable hosts or whereabouts of hosts hiding in a leaf (Sugimoto et al. 1988; Casas 1989; Meyhofer et al. 1994 Meyhofer et al. , 1997 . Also, many other parasitoids, predators, and hunting wasps have been demonstrated to use sound or vibration for host or prey location (Richerson and Borden 1971 , Lawrence 1981 , Pfannenstiel et al. 1995 , Wackers et al. 1998 . Sound-based search seems to play a great role for parasitoids that hunt hiding hosts.
H. varicornis, which has an ecology similar to that of other leafminer parasitoids, might use a similar searching method to Þnd a host. Female H. varicornis can select the correct direction more correctly when it arrives a point of a mine that is nearer to a host larva (Table 2 ) and cannot select when the point is distant from a host. Magal et al. (2000) demonstrated that leaf vein had a function to diminish sound propagation. When a female parasitoid encounters the distant point of mine from a host, a vein is more likely to exist between the encountering point and host, and consequently, vibration elicited by a host larva may diminish toward a female parasitoid. This way explains in part our observed results.
Parasitoids adopting sound-based search were unable to locate immobilized hosts (Lawrence 1981 , Meyhofer et al. 1997 . This tendency of sound-based search also matched our observational results. The idiobiont H. varicornis paralyzes its host upon oviposition by injecting venom with the ovipositor, causing the host to be immobilized. This would have caused an inability to recognize the correct direction if sound or vibrational cue are important. In our experimental design, however, female H. varicornis were allowed to search the same mine that they had already searched. Thus, search of wasps to mines with healthy and parasitized hosts were not examined as separate treatments. This may have affected the differences observed between normal and parasitized hosts. Thus, the parasitoid behavior observed in our study is consistent with H. varicornis using host vibration. How- ever, there is no conclusive proof, and video experiments will be required to provide direct evidence. Sugimoto (1977) suggested that the eulophid parasitoid Kratochviliana sp. might recognize the direction of host larvae by sensing the width of the mines with the antennae. However, no observational or experimental evidence was given for whether Kratochviliana sp. can determine the correct direction immediately after encountering a host mine. The width of the mine may not be a useful indicator upon mine encounter because the width of the mine does not differ between both sides of the mine at the encountering point. Therefore, vibration elicited by a host could be a reliable cue to show host direction upon a mine encounter. However, the trait of a mine that broadens toward the position where a leafminer larva lies provides to female parasitoids important information during tracing. Perception of mine narrowing may have elicited females to turn their course when traced toward wrong direction (Table 3) .
Last, females occasionally took the wrong direction even when they searched mines containing healthy host larvae. A mechanistic explanation arises if a female uses vibrational cues. Movement emitting weak or no vibrations has no detectable effect (Meyhofer et al. 1997) . Leafminer larvae in the current study occasionally stop feeding and rest. Although we did not observe host behavior in this study, such immobility possibly caused taking wrong direction. Or, it is likely that host movement inßuenced changes in parasitoid direction. In addition, the geometry of mines and the vector from the female parasitoids to the host larvae was not taken into consideration in the current study. For example, the vector from the wasp to the larva along the surface of the leaf may actually be closer to the "wrong" direction along the mine if the mine doubles back on itself. In this case, a female wasp may initially chose the wrong direction, which refers to moving along the mine that is not widest as we deÞned but can still represent the shortest distance to the host larva.
Geometrically designed and complicated patterns of linear mines have a defensive role to play against enemy parasitoids (Kato 1985) . The directional recognition by foraging parasitoids may represent a counteradaptation to this defensive role.
